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INTRODUCTION 

e l e c t r o l y t e s  a r e  being developed both for e l e c t r i c  power generation 
and f o r  the  e l e c t r o l y t i c  regenerat ion of oxygen from carbon 
dioxide-water vapor mixtures.  P r a c t i c a l  devices operate a t  
temperatures i n  the  v i c i n i t y  of 1000°C i n  order  t o  ob ta in  high 
oxygen ion  mobil i ty  i n  the e l e c t r o l y t e  mater ia l .  
of the  energy l o s s e s  associated with e lec t rode  operat ion i n  air 
and f u e l  atmospheres under these  high temperature condi t ions i s  
the  subjec t  of t h i s  paper. 

ELECTRODE PROCESSES I N  THE SOLID FLECTROLTYE FUEL CELLS 

Fuel c e l l  systems u t i l i z i n g  zirconium dioxide ceramic 

The measurement 

A t yp ica l  s o l i d  e l e c t r o l y t e  f u e l  c e l l  b a t t e r y  i s  shown i n  
Fig.1. It cons is t s  of a s e r i e s  of bell-and-spigot shaped c e l l s  which 
nest  together  t o  form a tube. A f ie1 stream i s  passed through the  
in s ide  of the tube and a i r  surrounds the  outs ide.  The s t eps  involved 
i n  the  reac t ion  of t he  m e 1  and oxidant t o  produce r eac t ion  products 
and e l e c t r i c  power can be v isua l ized  with the  a id  of Fig. 2. Oxygen 
molecules d i f f i s e  through t h e  a i r  t o  the  a i r  e lec t rode  surface where 
they d i s soc ia t e  and a r e  adsorbed. Surface migration occurs over the  
e lec t rode  t o  si tes a t  t he  e l ec t rode -e l ec t ro ly t e  inteFfaces  where, combin- 
ing  _with two e l ec t rons  from t h e  e lec t rodes ,  an oxygen atom becomes 
an 0- ion  and e n t e r s  an oxygen ion  vacancy i n  the  c r y s t a l  l a t t i c e  
of t he  e l ec t ro ly t e .  Oxygen ion  t r anspor t  through the e l e c t r o l y t e  
occurs. 
up e l ec t rons  t o  t h e  e lec t rode  and r eac t  w i t h  f u e l  species  which have 
d i f fused  t o  and been adsorbed on the  f u e l  e lectrode surface.  The 
products of the  sur face- reac t ion  w i t h  t h e - f i e 1  a re  desorbed from the 
e lec t rode  and diff'use i n t o  the  f u e l  reaction-product stream. The e lec t rons  
t h a t  have been de l ivered  t o  t h e  f ie1 e lec t rode  pass  through t h e  
conducting sea l  t o  the  a i r  e lec t rode  of t h e  next c e l l  where they 
again take par t  i n  t he  formation of o gen ions.  
each c e l l  a generated vol tage a p p e a r s r i f  the  ex terna l  e l e c t r i c  
c i r c u i t  i s  open) which i s  given by: 

A t  the  f'uel e lec t rode ,  oxygen ions leave the  e l e c t r o l y t e  give 

A t  t h e  terminals  of 

E = open c i r c u i t  vol tage of t h e  c e l l  ( v o l t s )  g 

R 

T = absolu te  temperature ( O K )  

= gas constant ,  8.134 (joules/OK-mole) 
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F = Faraday number (96,500 coul/gm. equiv.)  

= oxygen p a r t i a l  pressure a t  the  a i r  e lec t rode  of the  

= oxygen p a r t i a l  pressure on the f i e 1  e lec t rode  of the 
'02' c e l l  

This vol tage r e f l e c t s  t h e  r eve r s ib l e  energy ava i l ab le  from the  
isothermal expansion o f  an i d e a l  gas between t h e  two oxygen p a r t i a l  
pressure l eve l s .  I f  t he  c i r c u i t  i s  closed so t h a t  e l e c t r i c  power 
i s  de l ivered  t o  an ex te rna l  load, the  vol tage VT appearing a t  t he  
terminals  o f  the c e l l  i s  decreased by i r r e v e r s i b l e  losses. 
b a t t e r y  operates  a t  a load  current I equal t o  t h e  reac t ion  o f  fin 

If t he  

c e l l  terminal  voltage i s  decreased both by the  ohmic r e s i s t ance  lo s ses  
caused by t h e  t ranspor t  o f  e lec t rons  through the  e lec t rodes  and O= 
ions through the e l e c t r o l y t e  and by the  i r r e v e r s i b l e  lo s ses  associated 
with the  t ranspor t  o f  r eac t an t s  and r eac t ion  products t o  and from the 
e lec t rodes .  I r r e v e r s i b l e  lo s ses  associated with t h e  adsorption, 
desorption and surface r eac t ion  s t eps  may also occur. 

P V T = E  - 1 R - V  g 

VT = terminal  vol tage of the  c e l l  ( v o l t s )  

Eg = generated, open c i r c u i t ,  vol tage o f  t he  c e l l  ( v o l t s )  

I = c e l l  cur ren t  (amperes) 

R = t o t a l  ohmic r e s i s t ance  between c e l l  terminals ,  e lectrodes 
and e l e c t r o l y t e  ( ohms) 

V = t o t a l  vo l tage  l o s s  due t o  non-ohmic i r r e v e r s i b l e  processes 
( v o l t s )  

The ohmic r e s i s t a n c e  l o s s  "R" may be conveniently separated 
i n t o  components due t o  e l ec t ron  t ranspor t  i n  t h e  air e lec t rode ,  t he  a i r  
e l e c t  rode- t o-e lec t ro ly t  e contact res i s tance ,  t h e  i o n i c  r e s i s t ance  of 
t h e  e l e c t r o l y t e ,  the  f i e 1  e lec t rode- to-e lec t ro ly te  contact res i s tance ,  
and the  e l ec t ron ic  r e s i s t ance  of t he  h e 1  electrode.  Techniques 
have been developed for i s o l a t i n g  and measuring these  separately.  
The po la r i za t ion  vol tage l o s s e s  are not as e a s i l y  separated but the 
o v e r a l l  po ten t i a l  loss assoc ia ted  with carrying out e i t h e r  t he  f i e 1  o r  
air e lec t rode  reac t ion  can be measured a s  a f i n c t i o n  of t he  reac t ion  
r a t e  ( e lec t rode  current  dens i ty)  by measuring the  non-ohmic po ten t i a l  
drop between the appropr ia te  e lectrode and t h e  e l e c t r o l y t e .  

AN ilpPARATuS FOR THE MEASUREMENT OF ELECTRODE LOSSES 

Figure 3 is  a schematic of an apparatus for measuring 
e lec t rode  losses .  It cons i s t s  of a f i rnace ,  a gas- t igh t  system for 
r eac t an t  de l ivery  and removal, and a number o f  spring-loaded probes 
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which bear on an electroded tes t  sample. Each probe i s  a P t - P t  
lo$ Rh thermocouple which can be used for sensing temperatures as 
w e l l  as p o t e n t i a l .  Fig. 4 i s  a photograph of t h e  test  cavi ty  showing 
t h e  probe arrangement. 
and probes bear on both t h e  upper and lower surfaces  of t h e  t e s t  
specimen when t h e  tester i s  assembled. 

allows a number of tests t o  be made. A s  can be seen from Fig. 5, 
t h e  tes t  sample i s  a wafer of  t h e  ceramic e l e c t r o l y t e  w i t h  t h e  
e lec t rode  t o  be t e s t e d  appl ied t o  one surface and a s u i t a b l e  counter 
e lec t rode  t o  tile ot:izr surface.  The electrode i s  applied as a 
b w d  leaving a por t ion  of the  bare e l e c t r o l y t e  surface exposed. 
3lvn 2-obes bear on t h e  electroded por t ion  of each siirface while 
t h e  s i x t h  probe rests on t h e  e l e c t r o l y t e  surface.  

allows t h e  important e lec t rode  c h a r a c t e r i s t i c s  t o  be measured. The 
techniques involved a r e  described i n  succeeding sect ions.  

An electroded test  wafer rests i n  t h e  cavi ty  

The probe arrangement shown i n  Fig. 4 and again i n  Fig. 5 

This choice of electrode and e l w t r o l y t e  probe loca t ions  

YEASUREDIENT OF THE OHMIC LOSSES ASSOCIATED WITH ELECTRON TRANSPORT I N  
THE ELECTRODE 

The l o s s e s  which are associated with t h e  t ranspor t  of 3 

e lec t rons  along the e lec t rode  fi lm t o  t h e  s i tes  where oxygen ions 
a r e  formed depend on t h e  e l e c t r o n i c  r e s i s t i v i t y  o f  the  e lec t rode  
mater ia l  and on the geometry of t h e  electrode.  Expressions which 
take i n t o  account t h e  non-uniform current  densi ty  d i s t r i b u t i o n  
i n  the  e lec t rode  a r e  e a s i l y  derived but are less u s e f u l  than t h e  
s implif ied approximation: - 

Rele  c t rode 

where 

Pe = e l e c t r o n i c  r e s i s t i v i t y  of t h e  electrode mater ia l  (ohm-cm) 

1, = e f f e c t i v e  length of e l e c t r - n  t r a v e l  along e lec t rode  (em) 

6, = e lec t rode  thickness  (cm) 

nD = circumference of h e 1  c e l l  (width of e lec t rode)  (cm) 

A s  t h i s  expression shows, t h e  parameter o f  i n t e r e s t  t o  t h e  

- 

f ie1 c e l l  designer i s  the,,elect;ode r e s i s t i v i t y  divided by t h e  
e lec t rode  f i l m  thickness  pe/Be . This quant i ty  i s  e a s i l y  measured 
i n  the e lec t rode  tester by passing a current  between two of the  
probes bearing on t h e  e lec t rode  and measuring, potent iometr ical ly ,  
the p o t e n t i a l  drop across  two o ther  e lec t rode  p o t e n t i a l  probes. 
Solution of t h e  two dimensional current  flow problem for t h e  geometry 
used'allows t h e  d i r e c t  determination of pe/6 from t h e  measured r a t i o  
of voltage t o  current  flow. 
p o t e n t i a l  problem by L. J. van d e r  Pauwl allows pe/6 
from measurements using four  probes placed a r b i t r a r i f y  on t h e  edges 
of an electrode film of  a r b i t r a r y  shape. The required measurements 
are indica ted  i n  Fig. 6.  The two voltage-to-current r a t i o s  y ie ld  
d i r e c t l y  a value o f  t h e  r e s i s t i v i t y / t h i c k n e s s  of t h e  e lec t rode  
film. I n  addi t ion,  t h e  use of two d i f f e r i n g  current  paths  i n  the  . 
measurements allows major changes i n  t h e  uniformity of t h e  fi lm 
during e lec t rode  operat ion t o  be e a s i l y  detected.  

Al te rna t ive ly ,  t h e  treatment of t h e  
t o  be calculated 

A s  an example of 
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these measurements, Fig!. 7 compares the  temperature dependence of a 
porous s in te red  platinum e lec t rode  and a fused platinum film electrode,  
as determined by t h e  van de r  Pauw technique, w i t h  t he  ca lcu la ted  temper- 
a t u r e  va r i a t ion  of a sheet  of bulk platinum having the  same weight 
densi ty .  
s ec t ions  o f  these films, shown i n  Fig. 8, the  s in te red  e lec t rode  
d i sp lays  a pe/be about t h r e e  times t h a t  of bulk platinum. 
fused e lec t rode  film shows pe/be values  about 1.5 t imes g rea t e r  than 
bulk platinum. This increased e f f e c t i v e  r e s i s t i v i t y  g ives  some 
indica t ion  of t h e  microporosity o f  the  e lec t rode  film. Figure 7 
a l s o  shows the  i r r e v e r s i b l e  increases  i n  r e s i s t i v i ty / th i ckness  
parameter displayed by both types o f  e l ec t r3de  when exposed t o  
hydrogen-water atmospheres. 

A s  would be expected from the  character  of  t h e  cross- 

The 

rmsuREMEm AND SEPARATION OF ELECTRODE TO ~ C T R O L Y T E  LOSSES 

The vol tage l o s s e s  assoc ia ted  w i t h  t he  operat ion of  an 
e lec t rode  are measured us ing  the  e l e c t m d e  t e s t e r  by passing a 
current  through the  ( e l ec t rode ) - ( e l ec t ro ly t e ) - ( coun te r - e l ec t rode )  
test  wafer and measuring t h e  vol tage drop between two non-current 
carrying p o t e n t i a l  probes - one bearing on t h e  test electrode 
and t h e  o ther  on the  bare e l ec t ro ly t e .  I n  p r a c t i c e  current  i s  
introduced through the four  probes located at  the  corners  of the 
e lec t rode  and t h e  p o t e n t i s l  i s  monitored between the center  e lectrode 
probe and the  e l e c t r o l y t e  probe. The e l e c t r o l y t e  probe, as shown 
i n  Fig.  5 ,  i s  located as far as poss ib le  from t h e  edge of the electrode.  
The d i r e c t i o n  of current  flow determines the  d i r ec t ion  of oxygen ion 
t ranspor t  and the  r eac t ions  which take  p lace  at  t h e  t e s t  e lectrode.  
By appropr ia te  choice of cur ren t  d i r ec t ion  and atmosphere e i t h e r  
t he  a i r  o r  t he  f ie1 e l ec t rode  processes may be s tudied as i l l u s t r a t e d  
i n  Fig.  9. 

A Tektronix type 545 osci l loscope with a type D high gain 
d i f f e r e n t i a l  input-d. c. ampl i f i e r  i s  used t o  monitor t h e  po ten t i a l  
drop from the e lec t rode  t r ,  t he  e l ec t ro ly t e .  The d i f f e r e n t i a l  input 
r e j e c t s  noise  vol tages  common t o  both leads of  t h e  measuring c i r c u i t .  
The s ing le  t r a c e  mode of  sweep o p e r a t i m  i s  used and t h e  ga te  
outpiit,  a d .c .  vo l tage  o f  30 v o l t s  which becomes ava i lab le  a t  the  
f ron t  panel of t he  scope when t h e  sweep i s  i n i t i a t e d ,  i s  used i n  
conjunction with a boos ter  b a t t e r y  and a f a s t  r e l a p  t o  energize 
o r  de-energize t h e  e l ec t rode  current  c i r c u i t .  (F ig .  1 0 )  Oscilloscope 
t r a c e s  such as are shown i n  Fig. 11 are obtained. 

sample t h e  e lectrode t o  e l e c t r o l y t e  vol tage rises t o  an intermediate 
value so r ap id ly  t h a t  no t r a c e  can be detected on the  oscil logram and 
then r i s e s  a t  a slower rate u n t i l  the  steady s t a t e  po ten t i a l  drop 
corresponding t o  the  given e lec t rode  cur ren t  dens i ty  i s  reached. 

When t h e  r e l a y  c loses  e s t ab l i sh ing  cur ren t  through the 

*C. P.  Clare,  Model HG 1202 - operat ing time 5 mil l iseconds w i t h  
52.5 v o l t s  s tep  funct ion vol tage  appl ied t o  the  co i l .  
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Similar ly ,  when the  r e l ay  opens, t he  po ten t i a l  decays almost 
immediately t o  an intermediate  l e v e l  and then more slowly t o  zero. 
The fast processes,  which occur so  r ap id ly  t h a t  no t r a c e  i s  
recorded on the  oscil logram, are associated pr imar i ly  w i t h  t he  
r e s i s t i v e  voltage drop occasioned by the  passage of oxygen ions 
through the  e l ec t ro ly t e .  This can be seen by comparison o f  the 
magnitudes of t he  f a s t  component. of the po ten t i a l  dr3p with 
pred imions  of t h e  e l e c t r o l y t e  r e s i s t ance  based on t h e  known 
r e s i s t i v i t y  of t he  e l e c t r o l y t e  and the  geometry o f  t h e  sample. The 
s t rong temperature dependence of the  e l e c t r o l y t e  r e s i s t i v i t y  Offers 
a convenient method of separat ing e l e c t r o l y t e  r e s i s t ance  from 
other  possible  rap id  po la r i za t ion  processes which would be 
expected t o  show a d i f f e r e n t  temperature dependence. 

ALI i l l u s t r a t i v e  set of current  i n t e r rup t ion  photo r a  hs taken E P  on a fused-electrode t e s t  sample operat ing i n  oxygen a t  900 C a r e  
shown i n  Fig. 12 .  The fast component of the t o t a l  vo l tage  drop 
across  the  specimen, V , can be scaled from t h e  cur ren t  
i n t e r rup t ion  photographs and i s  680 mi l l i vo l t s .  Under t h e  
conditions o f  t h i s  t es t ,  a sample current  of 1000 milliamp; was 
being passed through t‘ne specimen. An overa l l  “ r e s i s t ance  of 
b8O mv/lOOO m a  = 0.68 ohms i s  indicated.  A t  900°C t h e  r e s i s t i v i t y  
of  ( Zr02)o. 9(Y203)o. electrol-yte  materials i s  1 2  ohm-em. The 
sample r e s i s t ance  ca lcu la ted  from geometry i s  then: 

4-10 

- - - -  Pb6b - 1 2  ( 0  - em) 0 .09  ( e m )  = o.80 
. em) 

(1) R 

where pb = e l e c t r o l y t e  r e s i s t i v i t y  (ohm-em) 

6b = e l e c t r o l y t e  th ickness  (em) 

A = e lec t rode  area (sq.  em) 

The easured  re s i s t ance  i s  85% of the  r e s i s t ance  estimated from 
sample geometry. 
a t  var lous temperatures between 8 0 0 O c  and 1000°C. 
p lo t t ed  i n  Fig. 13 and compared with ca lcu la ted  values  based on 
sample geometry. A s  i s  evident from Fig. 13, the temperature 
dependence of  t h e  sample r e s i s t ance  i s  the same as t h a t  of t he  
e l ec t ro ly t e ,  t he  t o t a l  sample r e s i s t ance  remaining 85% of t h e  
calculated except a t  the  lowest temperature - 800 C. 

Measurements of t o t a l  sample r e s i s t ance  were made 
The r e s u l t s  are 

The accuracy with which e lec t rode  area can be measured i s  
probably *5$ and t h e  e l e c t r o l y t e  r e s i s t ance  i s  known only t o  *5$, SO 
the  agreement betFeen the magnitude o f  the  r e s i s t ance  charac te r iz ing  
t h e  “fast  process 
e l e c t r o l y t e  seems sa t i s f ac to ry .  

MEAS- OF THE EL;ECTRICAL POSITION OF THE EZ;ECTROLYTE POTENTIAL PROBE 

po la r i za t ion  and t h e  ohmic r e s i s t a n c e  of the 

Figs.  12 ana 13 i l lust rate  the method used for es tab l i sh ing  
the  e l e c t r i c a l  pos i t i on  of t h e  e l e c t r o l y t e  po ten t i a l  probe. 
e l e c t r o l y t e  probe were posi t ioned away from the edge o f  the electrode,  a t  
a d is tance  which i s  large compared t o  t h e  spacing between electrodes,  

I f  the  
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O2 gas phase -. "= 

t h e  ohmic r e s i s t ance  of t h e  e l e c t r o l y t e  included i n  measurement 
between e lec t rode  and probe would approach one ha l f  t he  t o t a l  
e l e c t r o l y t e  res i s tance  o f  t h e  sample. I n  prac t ice ,  it i s  d i f f i c u l t  
t o  achieve a separa t ion  between e lec t rode  and probe of more than twice the  
e l e c t r o l y t e  thicknesses.  It i s  a l s o  d i f f i c u l t  t o  cont ro l  t h e  
pos i t i on  of t he  probe with respect  t o  the edge of the  electrode.  
A s  a consequence, t h e  e l e c t r i c a l  pos i t ion  of t h e  probe does not 
u sua l ly  f a l l  i n  the  cen te r  of t he  e l ec t ro ly t e .  A s  Fig. 2 shows, 
i n  Test XXXII t h e  probe w a s  posi t ioned e l e c t r i c a l l y  c lose r  t o  
the  f'used test  e lectrode,  t he  r a t i o  of  t h e  res i s tance  between t h i s  
e lec t rode  and probe ( R 4 - 7 )  and t h e  t o t a l  r e s i s t ance  (R4-10) being 
0.19/0.68 = 0.28. Figure 1 2  demonstrates. t h a t  t h i s  r a t i o  remained 
constant ,  independent of tes t  temperature and atmosphere. 

e l e c t r o l y t e  ( 3 )  

I'MSUmENT OF "SLOW" POLARIZATION PROCESSES 

Figure 1 4  i l l u s t r a t e s  t h e  usefulness  o f  t h e  current  
i n t e r rup t ion  technique i n  t h e  inves t iga t ion  of e lec t rode  
polar iza t ion .  Here t h e  po la r i za t ion  vol tages  of a p a r t i c u l a r  
e lec t rode  i n  oxygen and hydrogen-water atmosphere are compared. 
The e lec t rode  d isp lays  low polar iza t ion  vol tage lo s ses  when t e s t e d  
i n  oxygen atmospheres. I n  f'uel atmospheres, l a rge  po la r i za t ion  losses ,  
which decay on in t e r rup t ion  of t h e  current  i n  times of t he  order 
10  t o  100 mil l iseconds,  are typ ica l .  Volt-ampere c h a r a c t e r i s t i c s  
of t h e  e lec t rcde  sample constructed from current  i n t e r rup t ion  da ta  
taken i n  pure oxygen (F ig .  15) and i n  hydrogen (F ig .  1 6 )  are shown. 

Evidently , t h e  e l ec t rode  desorption reac t  ion: 

-t "lgas phase ( 2 )  
above e lec t rode  

and t h e  e lec t rode  adsorp t ion  react ion:  , 

which take place i n  oxygen atmospheres a r e  very near ly  r eve r s ib l e  
even at current  d e n s i t i e s  up  t o  750 ma/cm2. 
o v e r a l l  desorption r e a c t i o n  correspondint t o  reac t ion  ( 2 )  is: 

I n  fuel atmospheres the  

o= 1 e l e c t r o l y t e  HZ l gas phase -t H201gas phase + 2'1 e lec t rode  

(4) 
The ove ra l l  adsorpt ion r eac t ion  corresponding t o  reac t ion  ( 3 )  is :  

H201bulk + 2 e l P t  e l ec t rode  -.+ H21gas phase + e l e c t r o l y t e  
( 5 )  



I 

These reac t ions  are not revers ib le  a t  even moderate current  dens i t ies .  
The degree o f  i r r e v e r s i b i l i t y  corresponding t o  var ious cur ren t  
d e n s i t i e s  ( i . e . ,  reac t ion  rates) has been measured over a range 
from zero t o  750 ma/cm2 and over the  temperature range 1000°C to 
75OoC. The r e s u l t s  of these t e s t s  are presented i n  Fig. 17. 

Current in te r rupt ion  techniques have been used by others‘ 
t o  s tudy the  polar iza t ion  behavior of molten carbonate cel ls  a t  
600Oc. Polar iza t ions  of 0.3 - 0.6  v o l t  a t  current  d e n s i t i e s  o f  
100 ma/cm2 having decay times of  over one second are observed a t  
t h e  hydrogen electrode. A t  the  a i r  electrode,  po lar iza t ions  
of about 0.09 v o l t s ,  wi th  decay times between and 1 0  seconds, 
are reported.  These r e s u l t s  may be compared wi th  those presented 
i n  Figs.  14-17  which show hydrogen e lec t rode  polar iza t ions  of 
0.05 v o l t s  with decay t i m e s  of a b u t  10  
A i r  e l e c p o d e  polar iza t ions  a r e  less than 1 0  mv and decay i s  less 
than 10  seconds. 

secmds  a t  100 ma/cm2. 

ADDITIONAL CONSIDERATIONS IN THE INTERPRETATION OF EL;ECTFiODE TESTER 
RESULTS W T I N G  EFFECTS ON THE SAMPLB CURFZWT 

i n t e r r u p t i o n  oscillograms of  Fig. 11 shows t h a t  t he  current  
establishment oscillogram displays a r e s i s t i v e  component of 
500 mv 
i 4 5 0 m a  
i n d i c a t e s  a lowered r e s i s t i v e  component of - = 0.28 SZ. 

Measurements a t  o ther  current  l e v e l s  i n d i c a t e  that  the  r e s i s t i v e  
vol tage drop a s  measured from the current  establishment photographs 
i s  d i r e c t l y  proport ional  t o  current .  Res is t ive  drops measured from 
current  in te r rupt ion  photographs depart  from l i n e a r i t y  a t  high 
e lec t rode  current  d e n s i t i e s .  This  d i f fe rence  may be a t t r i b u t e d  t o  
hea t ing  of t h e  sample by the  passage of  current .  The s t rong temp- 
e r a t u r e  dependence of  e l e c t r o l y t e  r e s i s t i v i t y  causes appreciable 
changes i n  t h e  sample res i s tance .  Because polar iza t ion  may also 
be s t rongly  temperature dependent, t h i s  heat ing e f f e c t  must be 
taken i n t o  account i n  obtaining p o l a r i z a t i o n  data such as i s  shown i n  
Fig. 17. Since t h e  sample i s  i n  thermal equilibrium w i t h  t h e  tester 
f’urnace when current  establishment oscil lograms are taken, these 
oscil lograms may be used t o  i n d i c a t e  t h e  true res i s tance  corresponding 
t o  the known sample temperatures. The major po lar iza t ions  requi re  
times comparable t o  t h e  thermal time constants  of t h e  system t o  
reach equilibrium, hence their  measurement from current-make 
oscil lograms is  not accurate .  Current break oscil lograms which 
y i e l d  the  polar iza t ion  corresponding t o  s teady-s ta te  operat ion of 
the  e lec t rode  a t  a given current  dens i ty  are more r e l i a b l e .  An 
est imate  o f  t he  e lectrode operating temperature corresponding t o  
a given current break oscil logram can be obtained by s e l e c t i n g  t h e  
f i rnace  temperature a t  which a current  make oscillogram disp lays  an 
equal r e s i s t i v e  component. 

Comparison o f  t h e  current  establishment and current  

= 0.34 51 while the current  i n t e r r u p t i o n  photograph 
400 mv 
1450 m a  

EL;ECTRODE-TO-EL;ECTROLYTE CONTACT RESISTANCE 

The exis tence of appreciable contact r e s i s t a n c e  between 
e lec t rode  and e l e c t r o l y t e  due t o  the  e lec t rode  contact ing only a 
s m a l l  f r a c t i o n  of the e l e c t r o l y t e  surface can be detected using 
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current-make oscil lograms and comparing the  measured res i s tance  with 
ca lcu la ted  values based on the  samgle geometry. The theo re t i ca l  
ca l cu la t ions  of Eisenberg and Fick on t he  contact  res i s tance  of 
i dea l i zed  contacts  may be used t o  estimate the  e f f ec t ive  a rea  o f  
comac t .  

EFFECT OF HIGH FLECTRODE RESISTIVITY/THICKNESS PARAMETIB 

When the  e l ec t rode  r e s i s t i v i ty / th i ckness  parameter i s  less 
than one, t he  e lec t rode  sur face  can be considered an equipoten t ia l .  
A uniform current  dens i ty  i n  t h e  e l e c t r o l y t e  between the two 
e l ec t rode  can be expected. 
Tested, t h e  assumption of uniform current  dens i ty  w i l l  not hold 
and care  must be used i n  i n t e r p r e t i n g  tes ter  r e s u l t s .  The electrode-  
to-electrol j rce  probe w i l l  then ind ica t e  the r e s i s t i v e  and polar iza t ion  
drops assoc ia ted  with t h e  reduced current  dens i ty  ex i s t ing  i n  the 
e l e c t r o l y t e  near t h e  e l ec t rode  p o t e n t i a l  probe. A rough estimate 
of t h e  a c t u a l  current  dens i t , ,  a t  the  probe may be obtained from 
the  r e s i s t i v e  component o f  the  current  interruption-oscil logram. 
A back-up cu r ren t -d i s t r ibu t ion  screen has  been used i n  severa l  
experiments t o  makethe e l ec t rode  surface more near ly  an 
equipotenLial and t o  ob ta in  more r e l i a b l e  measurements of  po lar iza t ion .  

CONCLUSIONS 

If him r$s is tance  e lec t rodes  a r e  

An apparatus for t h e  t e s t i n g  of e lec t rode  s t ruc tu res  f o r  
h i g h  temperature,  s o l i d - e l e c t r o l y t e  f’uel c e l l s  has been described. 
Independent measurement o f  e lec t rode  res i s t iv i ty / th ickmess  and 
r e s i s t i v e  and po la r i za t ion  vol tage drops corresponding t o  
e l ec t rode  operation a t  var ious  current  dens i t i e s  ( r eac t ion  r a t e s ) ,  
temperatures,  and atmospheres have been car r ied  out us ing  current-  
i n t e r rup t ion  and current-establ ishment  oscillograms. These 
techniques have proved u s e f i l  and a r e  being used i n  our e f f o r t s  
t o  develop low cos t ,  l ong- l i f e  e lec t rodes  f o r  so l id -e l ec t ro ly t e  
f’uel cells .  
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Fig. l.-Bell-and-spigot fuel cells w i t h  
f i v e - c e l l  battery assembly 

1. Oxmen molecules diffuse through air to electrode sudace 
2. Adsorption and dissociation of O 2  
3. Surface migration to reaction site 
4. Oxygen combines wi!h electrons from fuel side of previous cell forming 0; ions 
5. Ionic l r a n s p r i  of 0- through electrolyte 
6. Deionization and surface reaction with fuel, deliveryof electrons 10 the fuel electrode 
7. Diffusion of fuel to fuel electrode surface 
8. Adsorption of fuel on electrode, surface migration to reaction site. 
9. Desorption of reaction product and diffusion into fuel stream 

A i r  S t r e a m  

A i r  Electrodes 

F u e l  S t r e a m  

Fig. 2.-An electrode reaction process chain 
for so l id  electrolyte fuel cells 
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Fig. 5-Probe locations i n  the electrode tester 
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Fig. 6-Measurements to determine the electrode resistivitylthickness parameter 
using the van der Pauw technique 
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m 4w 600 8 0 0 -  lam 
Temperature, O C  

Fig. 1-14 comparison of the temperature dependance of the resistivity/ i- thickness parameter, (pe/be), for sintered and fused platinum eledrcdes 

Sintered Platinum Electrode: lmOX 

Fused Platinum Electrode: I W O X  

Fig. 8, -Cross-section photomicra- 
graphs of platlnum electrodes 
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Fuel Cell- Fuel Electrode Simulated 

Fuel Atmosphere 

i-;s+ Ai r  Atmosohere 

20; 
Fuel Cell - A i r  Electrode Simulated 

Fig. 9-Simulation of air electrodeand fuel electrode operation by 
choice of current direction and surrounding atmosphere 

Dug. 7464197 

Electrode Probe Lead 
I 

-L 
5 

Probe Lead 

ou tpu t  :1 
' lJ Cur ren t  Make o r  Break Switch 

I I I I I I  
22.5 volts 
Booster - Battery 

Fig. 10-Circuit used for electrode to e\ectro\$e potential measurements D 
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1 
Sample Cur ren t  I 

i 

,I ( Voltage Drop Across 
a 1.00 ohm Resistor) 

Cur ren t  Establishment 
Oscillogram 

Cur ren t  Break 
Osci I log ram 

Vert ical Scale: 500 mv/cm 
Horizontal Scale: 5 msedcm 

Fig. 11-Current establishment and current in te r rup t ion  
oscil lograms 

Fused Pla t inum Electrode Test XXXIV 
H2 Saturated with H20 at 26OC 975OC 
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Current 
Interruption 

Relay - 0.19 R 
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Electrode 

680 mv 
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Fiq.1Z-lllustrating nlethod of rneasuringelectrical position of electrolyte patential probe using resistive 
component from current interruption tests 

0.0 Data of pgs. 52-56 Book 118702 

c- Data of pgs.43-52 Book 118702 

2 A Data of pgs. 45-52 Book 118702 

-- 2.0 - in H2 c 

0.80 0.82 0.84 0.86 0.88 0.90 0.92 
Reciprocal Absolute Temperature x Id. I l$/r), O K  

Fig.13-Measurements of the electrical position of the electrolyte potential 
probe 
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Fuel electrode performance in 
oxygen atmosphere 
Vertical scale: 100 mv/cm 
Horizontal Scale: 5 mslcm 
Indicated R = 0.1 ohms 
Indicated polarization: 0 mv 

150 

200 

- 2 %  

Fuel electrode performance in 
nydrogen saturated w i th  water at 70°C 
Vertical scale: 100 mv/cm 
Horizontal scale: 5 ms/cm 
Indicated R = 0.1 ohms 
Indicated polarization: 105 mv 

Fig. 14-Electrical performance of fused electrode sample 517 desorbing 
i n  oxyjen and hydrogen atmospheres 

Test X X X I I  Test Temp. 995OC 
Sample cu r ren t  1.0 amperes 
Electrode cu r ren t  density 740 ma/cm2 

Test xxx I I 
Sample 517 
Temperature looO°C 

1% 

0 V4-7 Total Electrode-Electrolyte 

0 Resistive Component o f f  lectrode- xx)  

Potential Drop 

Electrolyte Potential Drop 

1 
<' 

I 

i 
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0 V4-7 IR Component 

Fig. 16-Volt-ampere characteristic of fused electrode i n  H2 and H F  atmosphere at loo0 OC 

I I I I I I I 
- 0 8oooc 

- O 9OOOC / 
P 9 W 0 C  

Sample 515 . 
Test XXXlV 

40 60 80 100 200 400 600 800 lo( 
Electrode C u r r e n t  Density, " J  ". ma/cm2 

Fig. 17-Fuel electrode polarization as a function of electrolyte temperature 


